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Abstract
Though 1-alkanols are well known to have anesthetic properties, the mode of operation remains enig-
matic. We perform extensive atomistic molecular dynamics simulation to study the partitioning of 1-
alkanols of different chain-lengths in ‘raft-like’ model membrane made up of mixture of unsaturated
dioleoyl-phosphatidylcholine (DOPC) and saturated dipalmitoyl-phosphatidylcholine (DPPC) and choles-
terol (Chol) exhibiting phase coexistence of liquid-ordered (lo) - liquid disordered (ld) phase domains. Our
simulation shows that the effect of 1-alkanols on the mechanical properties of the membrane has been
pronounced with the chain-length of it. In particular, the 1-alkanols prefer to partition in the ld phase
domain. The penetration of the 1-alkanols in the membrane increases significantly for the long-chain
alkanol. We also have found the dependency of the order of chains of the lipids and rigidity of the
membrane on the 1-alkanols.
PACS numbers: 61.41.+e, 64.70.qd, 82.37.Rs, 45.20.da
I. INTRODUCTION
The phenomena of general anesthesia [1] is
known from a long time and the use of anes-
thetics in the hospitals are very common for all
painless surgical operation. However, the molec-
ular level of understanding in the mechanism of
the general anesthesia is not yet understood. It
is still debatable whether the general anesthesia
is caused by the binding of anesthetics to spe-
cific proteins [2, 3] and block the protein func-
tion by changing conformation or it is an indirect
lipid-mediated mechanism [4–6] while the anes-
thetics alter the membrane properties such as
total volume of the membrane, the volume oc-
cupied by the anesthetics within the membrane,
the phase transition temperature, the lipid chain
order, membrane thickness or the lateral pres-
sure profile of the membrane.
Apart from anesthesia, the alkanol has been
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well known as a penetration enhancer for trans-
dermal drug delivery. However, the understand-
ing of the mechanism of the action of penetra-
tion enhancer remains opaque. It is interesting
to know that 1-alkanol as anesthetics or as pen-
etration enhancer exhibits ‘cutoff-effect’. The
potency of 1-alkanols as anesthetics is increased
up to a certain cutoff chain length (dodecanol)
[7] and 1-alkanols with a chain length above cut-
off length show no anesthetic potency [7]. Sim-
ilarly, the penetration enhancement property
of 1-alkanols increase with increasing the chain
length up to decanol and decrease again for 1-
alkanol with longer than cut-off chain length.
The potency of 1-alkanols as anesthetics and as
penetration enhancer both is decreased with the
branching of the carbon chains.
The several experimental studies have been
conducted to explore the effect of the anesthet-
ics in the property of the lipid-membrane such
as NMR spectroscopic studies that show ethanol
molecules having disordering effect on the lipids
[8–13]; X-Ray studies that reveals ethanol hav-
ing potential to change in the lipid membrane
above its main phase transition temperature[14–
16]. Few molecular dynamics studies also have
been performed to study the influence of the
anesthetics in the lipid membrane [11, 17–27].
In the present work, we investigate the effects
of 1-alkanols: ethanol, pentanol, and octanol on
the symmetric ‘raft-like model membrane’, com-
prising DOPC, DPPC and Chol, which exhibits
phase coexistence of lo-ld domains. ‘Membrane-
raft’ exhibiting lipid-based compositional het-
erogeneity has been thought to facilitate several
physiological activities like protein sorting, sig-
naling processes [28–36]. Thus it is important
to study the effect of 1-alkanols into the model
raft-like membrane.
The article is arranged as follows: we first
discuss the details of the atomistic molecular dy-
namics simulations of the multicomponent bi-
layer membrane. Next, we present our main
results of the spatial heterogeneity of the com-
ponents, effects of 1-alkanols on the thickness,
penetration, partitioning, order parameter and
bending rigidity of the membrane. We end by
summarizing our findings.
II. METHODS
Model membrane : We have studied symmetric
3-component bilayer membrane embedded in
an aqueous medium by atomistic molecular
dynamics simulations (MD) using GROMACS-
5.1 [37]. We prepare the bilayer membrane
at 23◦C at the relative concentration, 33.3%
of DOPC, DPPC, and Chol, respectively. To
the symmetric ternary bilayer membrane, we
have introduced 25% of 1-alkanols (ethanol,
2
pentanol, and octanol) to water layer from
both sides of the symmetric ternary bilayer
membrane, respectively. All 4 multicomponent
bilayer membranes comprise 512 lipids in each
leaflet (with a total 1024 lipids) and 32768
water molecules (such that the ratio of water
to lipid is 32 : 1) to hydrate the bilayer mem-
brane. In our simulation study, we choose the
compositions of the membrane such that we
obtain the bilayer membrane exhibiting lo-ld
phase coexistence [38].
Force fields : The force field parameters of
DOPC, DPPC, and Chol are taken from the
previously validated united-atom description
[39–43]. We have taken the same previously
used force-field parameters for the ethanol,
pentanol, and octanol [41, 44–47]. In our simu-
lation study, we use improved extended simple
point charge (SPC/E) model to simulate water
molecules, with an extra average polarization
correction to the potential energy function.
Initial configurations : We generate the initial
configurations of the symmetric multicompo-
nent bilayer membrane using PACKMOL [48],
where all the components are homogeneously
mixed. All the symmetric bilayer membrane
comprises 342 DOPC, 340 DPPC, and 342
Chol with spatially uniformly randomly placed,
and are hydrated with 32768 water molecules.
To the symmetric composite membrane, we
introduce 256 1-alkanols (ethanol, pentanol,
and octanol) uniformly in both sides of the
water layers of the bilayer membrane using
PACKMOL [48] as shown in Fig. S1 in the
supplementary information (SI).
Choice of ensembles and equilibration : We
simulate the symmetric bilayers for 50 ps in
the NVT ensemble using a Langevin thermo-
stat to avoid bad contacts arising from steric
constraints and then for 500 ns in the NPT en-
semble (T = 296 K (23◦C), P = 1 atm). To get
enough data, we repeat the simulations 4 times
(total 2µs) to study each system. We run the
simulations in the NPT ensemble for the first
50 ns using Berendsen thermostat and barostat,
then using Nose-Hoover thermostat and the
Parrinello-Rahman barostat to produce the
correct ensemble using a semi-isotropic pressure
coupling with the compressibility 4.5 × 10−5
bar−1 for the simulations in the NPT ensemble,
long-range electrostatic interactions by the
reaction-field method with cut-off rc = 2 nm,
and the Lennard-Jones interactions using a
cut-off of 1 nm [40, 43, 49]. We use last 200ns
of the trajectories of the four independent
repeated simulations for the data analysis.
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Computation of bending rigidity : To calcu-
late bending rigidity, we have employed spectral
method, where we need to calculate structure
factor of the fluctuation of the lipid head groups.
In this method, we need to use a large mem-
brane, otherwise, we would get very noisy data.
Therefore, we have carried out the simulation of
9216 lipid membrane size ≈ 48×48 nm using the
already equilibrated last configuration of 1024
lipid patch of the 500 ns simulation. Here, we
translate the 1024-lipid membrane patch with 9
positions like a 3 × 3 matrix-form using vmd,
such that we generate the initial configuration
of a large bilayer membrane of 9 × 1024 lipids
for the further simulation. We run large bi-
layer membrane for 100 ns in NPT ensemble us-
ing Nose-Hoover thermostat and the Parrinello-
Rahman barostat to produce the correct ensem-
ble using a semi-isotropic pressure coupling with
the compressibility 4.5×10−5 bar−1 as described
above. After the simulation, we collect the po-
sition of the center of mass of the head group of
lipids and use to calculate the structure factor.
III. RESULTS AND DISCUSSION
To confirm that we attend thermally and
chemically equilibrated bilayer membrane, we
calculate the time evolution of the total energy
of the system and area per lipid and when the
values attend its asymptotic behavior with a
very small fluctuation, we can be satisfied as we
obtain equilibrated bilayer membrane [40, 50].
We start our simulation from the initial con-
figuration, where lipid components are homo-
geneously mixed and the 1-alkanols are in the
aqueous layers of both sides of the bilayer mem-
brane shown Fig. S1 in SI. After the long sim-
ulation, we get the equilibrated patch of bilayer
membrane and the last frame of the simulation
have been shown in Fig. 1, where all the com-
ponents, especially 1-alkanols are highlighted to
show their preferable arrangement in the com-
posite bilayer membrane.
A. Transverse heterogeneity of the com-
ponents in membrane
The electron density profile of components in
the membrane without and with 1-alkanols has
been shown in Fig. 2. Here, the electron density
of the head groups and tails of DPPC, DOPC
lipids and Chol and 1-alkanols, respectively in
the z-axis are plotted (In our simulation, z-axis
is representing the normal to the surface of the
membrane lying in the xy-plane).
We find the peaks of the head-group of the
lipids (DPPC and DOPC) are pronounced av-
eraged at 2.058 nm, 1.915 nm, 1.887 nm and
1.859 nm respectively for without and with
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FIG. 1. The snapshot of symmetric composite bilayer membrane comprising DOPC (purple), DPPC
(orange), Chol (green), water (cyan) (A) without 1-alkanol, (B) with Ethanol (ETH) (red), (C) Pentanol
(PCT) (blue) and (D) Octanol (OCT) (gray) are shown respectively.
1-alkanols (ethanol, pentanol, and octanols).
(This is the averaged value of the thickness of
the one leaflet of the membranes.)
From the two peaks of the head-group the
lipids (DPPC and DOPC), we can measure the
average thickness of the membranes with and
without 1-alkanols. Here, we find that the
average thickness of the lipid membrane has
been decreased with the number of carbon chain
length in 1-alkanol as the carbon chain length of
ethanol, pentanol, and octanol are 2, 5 and 8,
respectively as shown in Fig. 3 (a).
Again, we find from the electron density pro-
file of the 1-alkanols highlighted in brown shown
in Fig. 2, that the peaks of the electron den-
sity of 1-alkanols are closest (average in two
leaflets 1.1509 nm) to 0 (center of the membrane,
z = 0nm) for octanol and farthest for ethanol
(average in two leaflets 1.732 nm), and in be-
tween value (average in two leaflets 1.527 nm) for
pentanol, which is related to the depth of pen-
etration of 1-alkanols at equilibrium. To illus-
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trate the depth penetration into the membrane,
we plot the mean depth of penetration for 1-
alkanols with increasing chain length as shown
in Fig. 3 (b), which shows that the depth of pen-
etration of 1-alkanols in the membrane increases
with the increase of carbon chain length of the
1-alkanols.
B. Lateral heterogeneity of the compo-
nents in membrane
To elucidate the spatial heterogeneity of the
components, especially 1-alkanols, we calculate
the spatial number density of each component
of the membrane. We collect the last 200 ns tra-
jectories of the simulations of each system and
calculate the center of mass of each component
and project it on the xy-plane and calculate the
number density by binning the data with bin-
size 0.4 nm.
The spatial number density of each compo-
nent of the bilayers with ethanol, pentanol, and
octanol are shown in Figure 4 (A), (B) and (C),
respectively. We find that all the symmetric
membrane exhibits phase coexistence of DPPC-
rich lo domain and DOPC-rich ld domains, while
Chol is also accumulated in DPPC-rich domains.
Again, we find that ethanol, pentanol and oc-
tanol are partitioning in the DOPC-rich do-
mains shown in Fig. 4.
In Fig. 5, the joint probability distribution
(JPD) shows that a distinct peak along the di-
agonal for the JPD of DOPC to all three 1-
alkanols, while there is no diagonal peak in JPD
for any 1-alkanols to the DPPC-rich domain.
To extend our the investigation on the
spatial partitioning of the anesthetics, we define
the ‘correlation coefficient’ from the normalized
cross-correlation
between the 1-alkanols solutes to the
DOPC/DPPC-rich domain [31, 50] as
C(ρDOPC/DPPC(r), ρ1alkanol(r)) =
〈ρDOPC/DPPC(r)ρ1−alkanol(r)〉−〈ρDOPC/DPPC(r)〉〈ρ1alkanol(r)〉√
〈ρDOPC/DPPC(r)2〉−〈ρ1alkanol(r)〉2
√
〈ρDOPC/DPPC(r)2〉−〈ρ1alkanol(r)〉2
averaged over space (denoted by Cuu), while
ρDOPC/DPPC(r) and ρ1−alkanol(r) are the spatial
number densities of the DOPC/DPPC and 1-
alkanol, respectively with the same positional
coordinate r(x, y).
We compute Cuu for DOPC to ethanol, pen-
tanol, and octanol and PSM to ethanol, pen-
tanol, and octanol, respectively bilayer mem-
branes shown in Figure 6 which indicates that
the values of Cuu are high for DOPC-rich do-
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FIG. 2. The electron density of each component vs. z-axis (normal to membrane) of the symmetric
composite bilayer membrane (A) without 1-alkanol, (B) with Ethanol (ETH), (C) Pentanol (PCT) and
(D) Octanol (OCT) are shown in respectively.
main to ethanol/ pentanols/ octanols-rich do-
mains while that values are low for DPPC to
all 1-alkanols. This suggests that all three 1-
alkanols (ethanol, pentanol, and octanol) prefer
to partition into the DOPC-rich domain, while
1-alkanols do not partition in DPPC-Chol rich
domain.
C. Spatial heterogeneity of thickness
Here, we compute the spatial heterogeneity
of thickness for all membranes. To compute the
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FIG. 3. (A) The average thickness of the membrane without 1-alkanol and ethanol (chain length =2),
pentanol (chain length =5) and octanol (chain length =8) and (B) the penetration of ethanol, pentanol
and octanol are shown in respectively.
local thickness of the membrane, we first col-
lect the position of P-atom of both DPPC and
DOPC lipids of both upper and lower leaflets.
Now, we divide the xy-plane in both leaflets into
many small boxes with grid size 0.4 nm to cal-
culate the mean coordinate of each grid in each
leaflet from the collected data of positions of P-
atoms. The difference between the z-coordinate
corresponding to two layers with same (x,y) -
coordinate gives us the thicknss of the mem-
brane, d at that local coordinate (x,y). Thus,
we calculate the spatial thickness heterogeneity
of the membrane.
Figure 7 shows that the phase coexistence of
thicker lo and thinner ld phase domains are ex-
hibited in all bilayer membranes.
D. Effects of 1-alkanols on the order pa-
rameter
We calculate the deuterium order parameter,
S of the acyl chains of the DOPC and DPPC
lipids in the membrane respectively, which is de-
fined as S = 〈3
2
(cos2θ) − 1
2
〉 where θ is the an-
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DOPC DPPC CHOL ETH
DOPC DPPC CHOL PCT
DOPC DPPC CHOL OCT
(A) (i) (ii) (iii) (iv)
(B) (i) (ii) (iii) (iv)
(C) (i) (ii) (iii) (iv)
FIG. 4. The spatial number density of each component in the membrane with ethanol (ETH), pentanol
(PCT) and octanol (OCT) are shown in (A), (B) and (C), respectively[40, 50].
gle between the carbon atom - hydrogen (deu-
terium) atom and the bilayer normal shown in
Fig. 8 (a) and (b). Here, we find two impor-
tant things: one is that the value of the |S| for
DPPC is more than that of DOPC, which sug-
gests that DPPC-rich domain is more ordered
(lo) phase, while DOPC-rich domain is less or-
dered (ld) phase, where acyl chains of the lipids
are more floppy. Secondly, we find that the value
of S is affected most in octanol, the value of that
is changed lowest in ethanol.
To illustrate the effect of the 1-alkanols on S,
we define,
δS = S
A−S0
S0
where SA and S0 are the order pa-
rameter of the lipid chains of the symmetric mul-
ticomponent bilayer membrane with and without
ethanol, pentanol and octanol, respectively and
we find that change of the order parameter of the
lipids is highest in presence of octanol, while the
change of that is lowest in ethanol.
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FIG. 5. The joint probability distribution between (A1) ethanol (ETH) and DOPC, (A2) ETH and
DPPC, (B1) pentanol (PCT) and DOPC, (B2) PCT and DPPC, (C1) octanol (OCT) and DOPC and
(C2) OCT and DPPC are shown respectively [40].
E. Orientation of O-H and C1-Cn bonds
We characterize the orientation of the vector
(OH) between O and H -atoms and that another
vector (C1Cn) between the coordinate of first
C-atom (C1) and last C-atom (Cn), where the
value of n = 2, 5 and 8 for ethanol, pentanol
and octanol, respectively. To quantify the ori-
entation of the two vectors: OH and C1Cn, we
define an orientational order parameter, Iβ as
Iβ = 〈Cos(β)〉, where β is the angle between the
vector OH/C1Cn and the normal (z-axis) of the
surface of the membrane.
Fig. 9 shows the orientational order param-
eter, Iβ for the ethanol, pentanol, and octanol,
respectively. We find that the value of Iβ close
to ±1 near to the head groups of the lipid mem-
brane and the value of it are zero and switch
its value across the center of the membrane.
The value of Iβ of the OH-vector for ethanol
is greater than that of C1Cn vector, while the
value of OH-vector is less than that of C1Cn-
vector for octanol.
Therefore, Fig. 9 suggests that the value of
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FIG. 6. The cross-correlation between ethanol (ETH) and DOPC (A-X), ETH and DPPC (A-Y), pentanol
(PCT) and DOPC (B-X), PCT and DPPC (B-Y), octanol (OCT) and DOPC (C-X), and OCT and DPPC
(C-Y) are shown respectively[31, 50].
orientation order parameter for C1Cn increases
with the acyl-chain length as the acyl chain of
the 1-alkanol arranged in more ordered fashion
with the increase in chain length.
F. Effects of 1-alkanols on bending mod-
ulus and elasticity
If we assume our bilayer as a flat surface
u(x, y) with fluctuation over minimum surface
energy at u(x, y) = u0 and the energy costs due
to the thermal fluctuation, then we can write
the Hamiltonian of the membrane as
H[u(x, y)] =
1
2
∫
(κ|∇2u(x, y)|2
+γ|∇u(x, y)|2)dxdy (1)
Here, the first term in the Hamiltonian is the
energy cost due to the bending of the membrane
with a constant κ, the bending rigidity whereas
the second term corresponds to the area fluctu-
ation of the surface with constant γ, the surface
tension of the membrane.
If we transform the Eqn.1 into Fourier Space
by u(~r) =
∑
~q
u(~q)ei~q·~r where, ~r ≡ (x, y) in two
dimensional real space and ~q ≡ (qx, qy) in two
dimensional Fourier space, then we get by the
use of equipartition theorem,
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(A) (B)
FIG. 7. The spatial thickness of composite bilayer membrane (A) without 1-alkanol, (B) with ethanol
(ETH), (C) with pentanol (PCT) and (D) with octanol (OCT) are shown respectively [40].
S(q) =
KBT
AL(κq4 + γq2)
(2)
where, S(q) ≡ 1
2
N < |u(q)|2 > is the struc-
ture factor of the membrane surface u(x, y) with
projected area per lipid Ah = AL/N of N num-
ber of lipids in each leaflet with total area AL.
As the surface tension γ for the lipid bilayer
membrane is approximately zero (γ ≈ 0), the
Eqn.2 turns into
S(q) =
KBT
ALκq4
(3)
However, the Eqn.2 tells us that the nonzero
surface tension γ affects the fluctuation spectra
S(q) significantly (S(q) ∝ q−2 for q √γ
κ
).
Fig. 10 shows the structure factor S(q) vs. q,
which is fitted to the straight line for small wave
vector, q (See Section: Methods).
From the slope of the Fig. 10, we calculate
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FIG. 8. (A) the deuterium order parameter (S) vs. carbon number of the acyl chain of the lipids of the
multicomponent symmetric membrane without (black) and with ethanol (red), chloroform (blue), and
methanol(green), respectively. (B) the change of deuterium order parameter (δs) vs. carbon number
of the acyl chain of the lipids in the membrane with anesthetics compared to without anesthetic lipid
membrane.
the bending rigidity of the membrane without
and with ethanol, pentanol, and octanol, re-
spectively using equation 3 and are tabulated in
Table-I [51]. It suggests that the rigidity of the
membrane decrease with the acyl-chain length
of 1-alkanols.
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FIG. 9. Orientation of O-H and C1-Cn vectors of the ethanol, pentanol, and octanol are shown in Fig.
9, respectively.
System κ (kBT )
DOPC,DPPC,CHOL 50.3857± 0.9590
DOPC,DPPC,CHOL and ethanol 33.5272± 0.6002
DOPC,DPPC,CHOL and pentanol 29.3434± 0.5157
DOPC,DPPC,CHOL and octanol 22.9672± 0.7419
TABLE I. The value of the κ of the multicomponent bilayer membrane without and with 1-alkanols are
given in Table-I.
IV. CONCLUSION
We present the effect of 1-alkanols with dif-
ferent chain-length in the symmetric ‘raft mem-
brane’ comprising DOPC, DPPC and Chol us-
ing atomistic molecular dynamics simulation.
Here, we explore the consequence of 1-alkanols
by computing the physical properties of the
membrane. Our main findings in the present
study are: (i) the thickness of the membrane
decreases in presence of 1-alkanol and it’s value
decrease with the increase of the chain length
of the 1-alkanols. (ii) the penetration of the 1-
alkanols increases with length of chain length
of it. (iii) 1-alkanols prefer to partition in the
DOPC-rich ld domain in the ’raft-membrane’.
(iv) The deuterium order parameter of the acyl
chain of the lipids are decreased in presence of 1-
alkanols and its value decreases with the chain
length of 1-alkanols. (v) With the increase of
14
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q (nm-1)
S(
q)
q (nm-1)
S(
q)
q (nm-1)
S(
q)
q (nm-1)
S(
q)
FIG. 10. The fluctuation spectra S(q) versus wave vector q for the membrane (A) without 1-alkanol,
(B) with ethanol, (C) with pentanol and (D) with octanol, respectively are shown. Here, the bending
rigidity is calculated using the long wavelength undulation spectrum. The fitting is carried out using the
theoretical q−4 line and is denoted as the dashed line.
chain-length in the 1-alkanols, the orientation
order parameter of the acyl chain of 1-alkanols
increases. (vi) The value of orientation order pa-
rameter for acyl chain (C1Cn) increases with the
chain length of acyl chain of the 1-alkanol. (vii)
The bending rigidity of the membrane decreases
in presence of 1-alkanols.
Our study shows that the mechanical prop-
erties of the membrane change significantly in
presence of 1-alkanols, which partition in the
ld domain and the effect on the membrane
is pronounced with chain-length of 1-alkanol
15
molecules. Our work would be useful for the
study of 1-alkanols and its anesthetic effect.
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Supplementary Information
Partitioning of 1-alkanols in composite raft-like lipid membrane
Anirban Polley
(A) (B) (C)
Fig. S1 Snapshot of initial configuration of the symmetric bilayer membranes comprising DOPC (purple), DPPC (orange), Chol (green),
water (cyan) (A) without 1-alkanol, (B) with Ethanol (ETH) (red), (C) Pentanol (PCT) (blue) and (D) Octanol (OCT) (gray) are shown
respectively.
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